Abstract The consumption of a high amount of fruits and vegetables was found to be associated with a lower risk of coronary heart disease and stroke. Epidemiologically, a similar relationship has been found with cocoa, a naturally polyphenol-rich food. Obviously, double blind randomized studies are difficult to perform with cocoa and chocolate, respectively. However, intervention studies strongly suggest that cocoa has several beneficial effects on cardiovascular health, including the lowering of blood pressure, the improvement of vascular function and glucose metabolism, and the reduction of platelet aggregation and adhesion. Several potential mechanisms through which cocoa might exert its positive effects have been proposed, among them activation of nitric oxide synthase, increased bioavailability of nitric oxide as well as antioxidant, and anti-inflammatory properties. It is the aim of this review to summarize the findings of cocoa and chocolate on blood pressure and vascular function.
Introduction
In epidemiological studies, regular dietary intake of plantderived foods and beverages was found to be associated with a reduced risk of coronary heart disease (CAD) [1] [2] [3] [4] and stroke [5] , and to be inversely associated with the risk of cardiovascular disease in general [2, 4] .
The Iowa Women's Health Study is a prospective study in 34,489 postmenopausal women free of cardiovascular disease who were followed for up to 16 years [6] . In this population regular consumption of food rich in flavonoids was associated with a decreased risk of death due to CAD and the inverse association between chocolate intake and cardiovascular mortality remained significant after multivariate adjustment [6] . Moreover, the Zutphen Elderly Study, involving 470 elderly men free of chronic disease, suggest that habitual cocoa intake per se might reduce cardiovascular risk and is inversely related to cardiovascular and allcause mortality [7•] . Moreover, a retrospective analysis of the Potsdam arm of the "European Prospective Investigation into Cancer and Nutrition" recently showed that high consumption of cocoa was associated with a lower prevalence of stroke and myocardial infarction [8] .
It has been proposed that polyphenols may play an important role in cardiovascular protection.
Several food sources are exceptionally rich in polyphenols, among them green and black teas, wine, grape juices, berries and cocoa, the later with particularly high amounts [9••, 10••] (Table 1) . Several groups of polyphenols are found in fruits, whereas the most important are the flavanols which can be further subdivided into the monomers epicatechin and catechin [11, 12] , and their dimers, oligomers and polymers, the so-called procyanidins [13, 14] , responsible for the bitterness of cacao, through the formation of the complexes with salivary proteins [15] . Although the flavanols are likely responsible for the beneficial health effects, conventional chocolate manufacturing processes, such as fermentation and roasting markedly decrease the concentration of these substances [10••, 16] .
In humans, flavanol plasma concentration dosedependently increases after ingestion, reaching its peak usually after 2-3 h [17, 18] after cocoa ingestion and are still measurable in plasma 8 h after cocoa ingestion [19] .
Cocoa and its flavanols might increase nitric oxide (NO) bioavailability, activate nitric oxide synthase (NOS), and exert antioxidative, anti-inflammatory, and anti-platelet effects, which in turn might improve vascular function, reduced blood pressure and therefore, explain the positive impact on clinical outcome proposed by epidemiological studies [10••, 16, 20, 21••] . This review will focus on the effect of cocoa on blood pressure and vascular function.
Effect of Cocoa on Blood Pressure
Initial findings, which suggested possible antihypertensive effects of cocoa, came from observations of the Kuna Indians, a native population living on islands off the Panama coast, which have a very low incidence of hypertension and, remarkably, do not show an age-dependent increase in blood pressure. These effects are likely environmental because they are lost upon migration to urban Panama City and are likely linked to the reduction in intake of natural cocoa drinks rich in flavanols [22] .
A relationship between cocoa consumption and reduced blood pressure was first observed in a cross-sectional analysis of the Zutphen Elderly Study [7•] .The association of chocolate consumption with blood pressure and the incidence of cardiovascular disease was further evaluated in the population included in a Potsdam arm of the "European Prospective Investigation into Cancer" [8] . The later study showed over a follow-up of up to 8 years that a high consumption of chocolate was associated with a lower cardiovascular risk with a strong inverse association for stroke (more than for myocardial infarction). The authors emphasized that this positive effect could be explained at least in part by a reduction in blood pressure, observed in the group with high as compared to low chocolate-consumption [8] .
Randomized controlled trials have confirmed this epidemiological association mostly in patients with concurrent arterial hypertension or other cardiovascular risk factors [23, 24, 25•, 26] .
A meta-analysis of ten such trials [27] found that cocoa consumption was associated with significant reductions in systolic (−4.5 ± 1.35 mmHg) and diastolic (−2.5 ± 1.36 mmHg) blood pressures confirming the results of a previous meta-analysis published 2007 [28] .
A number of mechanisms have been proposed to explain the cocoa's effects on blood pressure. Because of their importance in blood pressure maintenance, the improvements in nitric oxide availability and endothelial function associated with cocoa consumption may explain much, of its antihypertensive effects. However, there is some evidence that flavanols and flavanol-rich foods including cocoa can inhibit angiotensin-converting enzyme (ACE) activity in vitro [29, 30•] . ACE regulates the renin-angiotensin system; it cleaves angiotensin-I into angiotensin-II, which stimulates the release of vasopressin or aldosterone and antidiuretic hormone, increasing sodium and water retention. It also inactivates vasodilators bradykinin and kallidin. Whether ACE inhibition mediates the antihypertensive activity of cocoa flavonols in humans is not yet completely clear [31] .
One study also looked at the blood pressure responsiveness after exercise demonstrating that a drink high in flavanols reduced the BP response to exercise [32] .
Cocoa and Vascular Function
The vascular endothelium plays a fundamental role in modulating vascular tone and structure. Physiological production of vascular relaxing factors, including "nitric oxide", "prostacyclin" and "hyperpolarizing relaxing factor" protect the vessel wall by antagonizing the initial pathological steps of atherosclerosis and thrombosis [33] (Fig. 1) . Cardiovascular risk factors and disease are associated with endothelial dysfunction or damage [34, 35] . Endothelial dysfunction in the forearm circulation correlates with the presence of coronary vascular dysfunction and is predictive of future coronary events [36] [37] [38] . A meta-analysis published in 2008 showed that consumption of polyphenol-rich foods mostly was associated with an improvement in endothelial function in the shortand long-term [39] as exemplified with the effect of tea [40] and other flavonoid-rich food such as red wine, grape juice, dealcoholized red wine extract from grape seeds [41, 42] and orange juice [43] .
As cocoa is particularly rich in polyphenols it is not surprising that cocoa induces NO-dependent vasodilatation in rat [44] and improve endothelial function in healthy humans and in patients with cardiovascular risk factors or disease [10••, 16] .
Studies evaluating the effect of cocoa/chocolate an endothelial function are summarized in Table 2 .
A cocoa drink high in flavonols content enhances the circulating pool of bioactive NO by a third and, in turn, improves flow-mediated vasodilation in patients with cardiovascular risk factors [45•, 46] . The increase in NO and the improvement of endothelial function induced by cocoa intake was inhibited by the infusion of L-NMMA, an inhibitor of NO-synthesis [46] . Commercially available dark chocolate (74 % cocoa), but not white chocolate, improves flow-mediated vasodilatation (FMD) by 80 % in young healthy smokers. This effect was seen 2 h after chocolate ingestion and lasted for up to 8 h. Because plasma antioxidant status, was significantly improved 2 h after ingestion, it is likely that not only an induction of endothelial nitric oxide synthase (NOS) and, in turn, elevated NO levels, but also a reduction in oxidative stress and, in turn a reduced breakdown of NO by reactive oxidant species, contributes to the enhanced endothelial function, especially under conditions with a high oxidative stress burden, such as in smokers [47] . Indeed, antioxidants may prevent NO transformation into peroxynitrite and in turn protect against vasoconstriction and vascular damage [48] . Oxidative stress and reduced antioxidant defenses play also a crucial role in the pathogenesis of atherosclerosis and in transplant vasculopathy. Indeed, we were able to demonstrate that flavonoidrich dark chocolate improved epicardial coronary vasomotion in cardiac transplant recipients [49] . Interestingly 40 g dark chocolate induced coronary vasodilatation, improved coronary vascular function, and decreased platelet adhesion two hours after consumption.
As outlined in Table 2 , cocoa consistently improved endothelial function in patients with atherosclerosis and/or cardiovascular risk factors such as in patients with arterial hypertension [24] , diabetes mellitus [50] , overweight and obesity [51] , coronary artery disease [52] , and hart failure [53••] . Not only endothelial function improved after consumption of cocoa or chocolate. Vlachopoulos and colleagues showed that chocolate acutely decrease augmentation index of the central (aortic) pressure waveform suggesting dilation of small and medium-sized peripheral arteries and arterioles [54] . Moreover, an observational study in 198 healthy subjects showed that habitual cocoa consumption is associated with decreased aortic stiffness and wave reflections and with improved central hemodynamics in healthy subjects [55] .
A possible mechanism explaining the effects of cocoa on the vasculature is the antioxidative effect of the flavonols and procyanidins contained in cocoa which may reduce the production of oxygen free-radicals and therefore improve Fig. 1 (Fig. 1) . However, the antioxidative effect of cocoa is discussed controversial because in addition to flavanols [56] , macro-and micronutrients, as well as the increased uric-acid levels resulting from fructose metabolism [57] could affect antioxidative capacity of plasma. Ramirez and coauthors showed that epicatechins increase the synthesis of NO via eNOS activation in human coronary artery endothelial cells [58] . Furthermore, this epicatechininduced NO production in human endothelial cells can be obtained through both Ca 2+ -dependent and Ca 2+ -independent eNOS phosphorylation [59] , suggesting that epicatechin may act to retain vascular function in diseases where NO production is limited.
However, further studies are still needed to clarify the exact mechanisms underlying the beneficial vascular effects due to cocoa consumption.
Conclusion
For many centuries, cocoa has been loved for its good taste and praised for its beneficial effects on health. In the last ten years many research studies confirmed that cocoa does indeed exert beneficial effects on vascular and platelet function, probably mainly mediated by its high polyphenol content, a heterogeneous group of molecules mainly found in fruits and vegetables. The beneficial effects of cacao are most likely due to a decrease in oxidative stress, induction of NOS and in turn an increased bioavailability of NO.
